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Abstract
We investigate the dynamics of correlated charge carriers in the vicinity of the Mott metal-to-
insulator transition in various of the title quasi-two-dimensional organic charge-transfer salts by
means of fluctuation (noise) spectroscopy. The observed 1/f -type fluctuations are quantitatively
very well described by a phenomenological model based on the concept of non-exponetial kinetics.
The main result is a correlation-induced enhancement of the fluctuations accompanied by a sub-
stantial shift of spectral weight to low frequencies close to the Mott critical endpoint. This sudden
slowing down of the electron dynamics may be a universal feature of metal-to-insulator transitons.
For the less correlated metallic materials, we find a crossover/transition from hopping transport
of more-or-less localized carriers at elevated temperatures to a low-temperature regime, where a
metallic coupling of the layers allows for coherent interlayer transport of delocalized electrons.
PACS numbers: 74.70.Kn, 71.30.+h, 72.70.+m
∗Electronic address: brandenburg@physik.uni- frankfurt.de
1
ar
X
iv
:1
10
5.
34
12
v1
  [
co
nd
-m
at.
str
-el
]  
17
 M
ay
 20
11
2
A key phenomenon in condensed-matter
systems with strong electronic correlations
is the Mott metal-to-insulator (MI) transi-
tion, i.e. the opening of a gap in the charge
carrying excitations due to electron-electron
interactions [1]. An important remaining
challenge is the understanding of the static
and dynamic criticality at the Mott tran-
sition, the nature of the anomalous nearby
states of electronic matter, and the question
of universality [2–4]. In particular, super-
conductivity of unconventional nature and
unusual metallic states are frequently ob-
served in the vicinity of the Mott transi-
tion, e.g. in the high-Tc cuprates and or-
ganic charge-transfer salts. Among the lat-
ter, the quasi-two-dimensional (2D) κ-phase
salts (BEDT-TTF)2X, where BEDT-TTF
(commonly abbreviated as ET) represents
bis-ethylenedithio-tetrathiafulvalene and X
a polymeric anion, recently have attracted
considerable attention as model systems for
studying the physics of correlated electrons
and the Mott phenomenon in reduced di-
mensions. In these materials, the Mott MI
transition and critical endpoint can be eas-
ily accessed either by varying the ratio of
bandwidth W to effective onsite Coulomb re-
pulsion U by means of physical or chemical
pressure or by changing temperature. Ac-
cordingly, the ground state of the antiferro-
magnetic insulator with X = Cu[N(CN)2]Cl
−
(TN = 27 K) can be turned into a supercon-
ducting state by either applying a moderate
pressure of ∼ 300 bar or by modifying the
anion: κ-(ET)2Cu[N(CN)2]Br is a supercon-
ductor with Tc = 11.6 K.
The generalized phase diagram of these ma-
terials [5], schematically shown in the inset
of Fig. 3, is characterized by a critical re-
gion around (W/U)cr., where the S-shaped
first-order MI transition line terminates in a
second-order critical endpoint, which is re-
ported to be in the temperature-pressure re-
gion of (p0 ∼ 200 − 300 bar, T0 ∼ 30 −
40 K) [3, 6–9]. In the vicinity of the crit-
ical endpoint (p0, T0), unusual metallic be-
havior characterized by a temperature scale
T ∗, where T0 ≤ T ∗(p > p0) ' 35 −
55 K, is associated with pronounced anoma-
lies in transport, thermodynamic, magnetic
and elastic properties, see [11] and refer-
ences therein. Among the various explana-
tions that have been proposed for the line
of anomalies T ∗(p) are the formation of a
pseudogap in the density of states [12–15],
a crossover from a coherent Fermi liquid at
low temperatures into a regime with incoher-
ent excitations (bad metal) at high tempera-
tures [7, 16], a density-wave instability [17–
19], as well as an incipient divergence of the
electronic compressibility caused by the prox-
imity to the Mott transition [8]. Recent ther-
modynamic investigations suggest that the
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broadened mean-field like features at T ∗ ob-
served on the metallic side far from the crit-
ical point develop into a critical behavior
when approaching (p0, T0) [17, 20]. Accord-
ingly T ∗ either marks a line of phase transi-
tions merging into the critical point (p0, T0)
of the Mott transition, or T ∗(p,X) is merely a
crossover line, i.e. an extension of TMI(p,X),
and the observed effects may be explained in
the framework of scaling behavior near the
finite-temperature critical endpoint [21].
Although the unusual electronic trans-
port properties have been studied in great
detail [3], there is only limited informa-
tion about the dynamical properties of the
charge carriers, in particular at low frequen-
cies, where interesting effects are to be ex-
pected when approaching the critical region
of the Mott MI transition. In this Letter,
we report for the first time a correlation-
induced, sudden slowing down of the electron
dynamics as a fingerprint of the Mott crit-
ical point in κ-(ET)2X, which may be con-
sidered as a universal feature of MI transi-
tions. Furthermore, our results indicate a
localization-delocalization transition in the
interlayer transport when cooling through
T ∗ on the metallic side of the phase dia-
gram, contributing to the yet unsettled de-
bate about the nature of the phase above T ∗.
Single crystals of κ-(ET)2X with
X = Cu[N(CN)2]Cl
−, Cu[N(CN)2]Br−
and Cu(NCS)2
− (hereafter κ-Cl, κ-Br
and κ-CuNCS, respectively), as well
as the fully deuterated variant κ-(D8-
ET)2Cu[N(CN)2]Br (κ-D8-Br) of plate-
and rod-shaped morphology were grown
by electrochemical crystallization [22–24].
Low-frequency fluctuation spectroscopy
measurements have been performed in a
five-terminal setup using a standard bridge-
circuit ac technique. The experiment is
described in detail in [25]. Care has been
taken that spurious noise sources, in par-
ticular contact noise, do not contribute to
the results. Resistance (R) and noise power
spectral density (SR) have been measured
perpendicular to the conducting layers.
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FIG. 1: (color online) Resistance and integrated
resistance noise power of κ-D8-Br. Noise spectra
have been taken in discrete steps upon warming
the sample after slow continuous cooldown.
For all samples, at the temperatures of in-
terest here, we have observed excess noise
of general 1/fα-type, characterizing the in-
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trinsic resistance (conductance) fluctuations.
Representative for our experiments, Fig. 1
shows the resistance R and the normalized
spectral weight of the resistance fluctuations,
〈(δR)2〉/R2 = ∫ SR(f)/R2df , integrated over
a bandwidth 0.01 − 100 Hz for a deuterated
sample κ-D8-Br. The investigated samples
are continuously cooled down to 4.2 K with
a slow cooling rate of 3 K/h. Noise spectra
have been taken while warming up the sample
in discrete steps. For control, the resistance
values are determined simultaneously and are
found to be in very good agreement with the
continuous resistance measurement (Fig. 1,
solid line). The κ-D8-Br sample investigated
here, is situated very close to the Mott transi-
tion on the metallic side of the phase diagram
(Fig. 3, inset). At high temperatures, the
resistance shows a semiconducting behavior
down to about 50 K, below which a step-like
decrease of the resistance by almost two or-
ders of magnitude indicates the occurrence of
a metallic phase. Below 20 K, the resistance
shows an increase again (with small hystere-
sis), which may be caused by electron local-
ization near the Mott transition [26], before
the transition into the superconducting state
occurs at a temperature Tc = 12.6 K (onset).
As becomes clear from Fig. 1, the temper-
ature dependence of the spectral weight of
the noise power looks remarkably different
than R(T ). Below a broad Gaussian-shaped
maximum centered around T ' 100 K, SR(T )
slowly decrease with decreasing temperature.
Superimposed on this general trend is a pro-
nounced anomaly at around 35 ∼ 36 K, a
temperature that is very close to the criti-
cal endpoint (p0, T0) of the Mott transition,
followed by two smaller peaks at lower tem-
peratures. Besides the noise power spec-
tral density SR (magnitude of the fluctua-
tions), the frequency exponent of the 1/fα-
type noise, α(T ) = −∂ lnSR(f, T )/∂ ln f , can
be extracted from the measured spectra. We
find a strongly non-monotonic behavior in
α(T ), shown in Fig. 2 a), indicating sub-
stantial variations of the electrons’ dynamical
properties in different temperature regimes.
Our previous studies have revealed that the
temperature dependence of the nearly 1/f -
type noise spectra can be well described
by a generalized random fluctuation model,
see [25, 27, 28], first used by Dutta, Dimon
and Horn (DDH) to describe noise processes
in metals [29]. The phenomenological model
assumes thermally-activated fluctuators —
not specified a priori — which linearly couple
to the resistance. The 1/fα-type noise is pro-
duced by a large number of fluctuators act-
ing in concert (each contributing a Lorentzian
spectrum), whereas the distribution of acti-
vation energies D(E) governs both the strong
temperature dependence of the magnitude of
the noise and any deviations from perfect (i.e.
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FIG. 2: (color online) a) Measured frequency
exponents, αmeas.(T ) (symbols) compared to the
predicted values αcalc.(T ) (line), for κ-D8-Br in
the framework of the generalized DDH-model
[27]. b) Contour plot of the relative noise level
aR vs. frequency f and temperature T in an
Arrhenius representation. The white line cor-
responds to the slope Ea = 250 meV as derived
from the DDH model.
α = 1) 1/f behavior. In this case, unlike for
an individual fluctuator, the kinetics is non-
exponential, i.e. the correlation function falls
off with time not exponentially [30], and:
SR(f)
R2
=
1
pif
∫ ∞
0
dE
D(E, T )
cosh[(E − Eω)/kBT ] .
(1)
Due to the large logarithmic factor in Eω =
−kBT lnωτ0 (τ0 is an attempt time in the or-
der of inverse phonon frequencies, typically
10−12 − 10−14 s), ordinary activation ener-
gies in solids can be accessed with this tech-
nique [30]. If D(E) is not an explicit func-
tion of temperature, the assumptions of the
DDH model can be checked for consistency
by comparing the measured frequency ex-
ponent αmeas(T ) with the predictions of the
model [29]:
αcalc(T ) = 1− 1
lnωτ0
(
∂ lnS(f, T )
∂ lnT
−1
)
. (2)
As shown in Fig. 2a), the agreement of the
measured data with the generalized DDH
model is . In particular, the model calcula-
tion provides a good quantitative description
of the measured α(T ) and accounts for all
of the features, i.e. non-monotonic tempera-
ture dependences being related to the finger-
prints of the fluctuating entities, since for α
greater or smaller than 1, ∂D(E)/∂E > 0
and ∂D(E)/∂E < 0, respectively. The strik-
ing agreement of the measured data with
the model calculation underlines the physical
meaning of extracting D(E) from the tem-
perature dependence of the magnitude of the
noise by D(E) ∝ SR/R2 × 2pif/kBT . From
this analysis (not shown) we find that D(E)
exhibits a pronounced maximum at about
Eω ∼ 250 meV, which corresponds to the ac-
tivation energy of the orientational degrees of
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freedom of the ET molecules’ terminal ethy-
lene groups, as determined e.g. by NMR, spe-
cific heat and thermal expansion [17, 31, 32],
i.e. in this case the relevant fluctuators can
be identified a posteriori [28].
The noise results on κ-D8-Br are summarized
in a contour plot of the relative noise level
aR(f, T ) = f × SR/R2 shown in Fig. 2b) in
an Arrhenius plot. The enhanced noise level
at elevated temperatures (around 100 K at
f = 1 Hz) seen in the entire accessible fre-
quency range are due to the coupling of the
electronic fluctuations to the abovementioned
conformational motion of the ET molecules’
ethylene endgroups. The main result, how-
ever, is the abrupt and strong enhancement
of aR at T
∗ ∼ 36 K occuring at the lowest
measuring frequencies which we interpret as
a sudden slowing down of the electron dy-
namics caused by the vicinity to the critical
endpoint at T0 ≈ 35 ∼ 36 K.
A systematic investigation of different
compounds reveals evidence that the en-
hanced low-frequency fluctuations for κ-D8-
Br are induced by electronic correlation ef-
fects: Fig. 3 shows the relative noise level
aR = f ×SR/R2 at a bandwidth f = 1 Hz for
three different compounds: pressurized κ-Cl
(denoted as κ-Cl∗, similar sample as in [10])
and κ-D8-Br, both of which are located close
to the Mott critical region (W/U)cr., and κ-
CuNCS on the far metallic side of the phase
0.01
0.1
1
10
10 100
 
 κ-Cl*
 κ-D
8
-Br
 κ-CuNCS
 fit
 
T (K)
a R
(T
)/a
R
(T
=5
5K
)
Te
m
pe
ra
tu
re
 (K
)
100
10
1
AFI
SC
PM
PI
 Pressure or W/U
(P0,T0)
T*
κ-CuNCSκ-Cl*
κ-D8-Br
(W/U)cr.
FIG. 3: (color online) Comparison of the rela-
tive noise level aR(T ) normalized to the value at
55 K for three systems located at different posi-
tions in the phase diagram, see inset. Dashed
yellow line denotes the glass-like ethylene group
ordering temperature. κ-Cl∗ denotes pressurized
κ-Cl.
diagram. Metallic κ-H8-Br (not shown) be-
haves similarly than the latter system. In
order to better compare the different sys-
tems, we show aR(T ) normalized to the value
at 55 K. Strikingly, all three systems show a
similar behavior above about 50 K. This in-
dicates that the same processes are causing
the excess noise for T > 50 K, independent
of the materials’ position in the phase dia-
gram. A common feature is the strong cou-
pling of the charge carriers’ fluctuation prop-
erties to the conformational modes of the ET
molecules’ ethylene endgroups. In contrast,
as seen in Fig. 3, for T < 50 K the temper-
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ature characteristics of aR strongly depends
on the position in the phase diagram. For
the metallic system κ-CuNCS, a strong (ex-
ponential) decrease of the noise level of two
orders of magnitude is observed, which can
be well fitted by a step function (a logistic
function is shown), indicating a transition or
crossover of two qualitatively different trans-
port regimes. Interestingly, the midpoint of
this crossover at 49 K determined from the fit
to the data corresponds to the T ∗ anomaly
in thermodynamic measurements [19]. The
vanishing 1/f noise below T ∗ is consistent
with 3D coherent electronic transport dom-
inated by the conducting properties of the
ET layers, whereas above T ∗ interlayer hop-
ping processes play a major role. In the tran-
sition region, the conducting sheets become
increasingly decoupled for increasing temper-
ature, which leads to the observed step-like
increase in aR(T ). Hopping as well as ex-
citations over a band gap have been dis-
cussed in early models of interlayer trans-
port at elevated temperatures [33, 34]. Ac-
tivation kinetic processes of this kind are a
prerequisite for the concept of nonexponen-
tial kinetics, which may explain the excel-
lent correspondence between the experimen-
tal noise data and the DDH model as well
as the observation that aR(T > 50 K) is in-
dependent of the position in the phase dia-
gram. Such an coherent-incoherent electronic
transport transition/crossover is in very good
agreement with recent experiments of the
conduction electron spin resonance (CESR),
where for κ-Cl and κ-Br it is found that at
high temperatures perpendicular transport is
strongly incoherent and that diffusion is con-
fined to single molecular layers [35]. Ac-
cording to these measurements, the electrons
diffuse several hundreds of nm without in-
terlayer hopping within the spin lifetime of
10−9 s. Below 50 K, an ”unexplained line
broadening” [35] may indicate the bad metal
to normal metal, i.e. a 2D to 3D spin diffu-
sion, crossover in agreement with our results.
In contrast to the metallic systems, the
noise of the more correlated κ-D8-Br shows a
pronounced anomaly at around 35 ∼ 36 K
and exhibits a roughly linear temperature
dependence for T < 30 K, superimposed to
which are smaller peak-like features. The re-
lation of those to the recently discussed pseu-
dogap state [36] is still a matter of investiga-
tion. A very similar behavior is observed in
κ-Cl∗, but there – due to the slightly different
(more left) position in the phase diagram –
for T < 30 K the normalized resistance noise
power aR(T ) remains on a larger and con-
stant level, apart from the strong increase
near Tc, which is due to the percolative na-
ture of the superconducting transition [10].
Considering the position in the phase dia-
gram, i.e. the strength of electronic correla-
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tions as being the major difference between
the systems shown in Fig. 3, the increased
noise level for κ-D8-Br below about 50 K has
to be attributed to the vicinity of the critical
endpoint at (p0 = (W/U)cr., T0 ≈ 35 ∼ 36 K).
Importantly, Figs. 2 and 3 reveal that the
correlation-induced, strongly enhanced noise
level close to (p0, T0) goes along with a sub-
stantial shift of spectral weight to lower fre-
quencies, i.e. a slowing down of the elec-
tron dynamics when approaching the crit-
ical endpoint both from below and above.
Similar observations, i.e. strongly enhanced
low-frequency fluctuations have been made
for the critical region of other canonical MI
transitions, namely the Anderson-Mott tran-
sition in P-doped Si [37], as well as carrier-
concentration and magnetic-field-induced MI
transition in Si inversion layers [38, 39]. Our
observations offer the intriguing possibiliy to
explore the dynamical scaling properties and
possible correlated electron dynamics as sug-
gested for other MI transitionss [37] directly
at the critical point in pressure-tuned κ-Cl.
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